The effects of hydration status on cerebral blood flow (CBF) and development of cerebrospinal fluid (CSF) lactic acidosis were evaluated in rabbits with experimental pneumococcal meningitis. As loss of cerebrovascular autoregulation has been previously demonstrated in this model, we reasoned that compromise of intravascular volume might severely affect cerebral perfusion. Furthermore, as acute exacerbation of the inflammatory response in the subarachnoid space has been observed after antibiotic therapy, animals were studied not only while meningitis evolved, but also 4-6 h after treatment with antibiotics to determine whether there would also be an effect on CBF. To produce different levels of hydration, animals were given either 50 ml/kg per 24 h of normal saline ("low fluid") or 150 ml/kg 24 h ("high fluid"). After 16 h of infection, rabbits that were given the lower fluid regimen had lower mean arterial blood pressure (MABP), lower CBF, and higher CSF lactate compared with animals that received the higher fluid regimen. In the first 4-6 h after antibiotic administration, low fluid rabbits had a significant decrease in MABP and CBF compared with, and a significantly greater increase in CSF lactate concentration than, high fluid rabbits. This study suggests that intravascular volume status may be a critical variable in determining CBF and therefore the degree of cerebral ischemia in meningitis. (J. Clin. Invest. 1992. 89:947-953.) Key words: cerebral blood flow * cerebrospinal fluid lactate * experimental meningitis
Introduction
It has been demonstrated in experimental (1, 2) and clinical studies (3, 4) that cerebral blood flow (CBF)' is reduced in bacterial meningitis, and the clinical studies have shown an association between cerebral ischemia and poor neurological outcome or death. CBF is influenced by a number of factors, including tissue metabolic demand, blood oxygen and carbon 1 . Abbreviations used in this paper: CBF, cerebral blood flow; CPP, cerebral perfusion pressure; CSF, cerebrospinal fluid; MABP, mean arterial blood pressure; SIADH, syndrome of inappropriate secretion of antiduretic hormone. dioxide concentrations, and cerebral perfusion pressure (CPP). CPP is a critical variable because it may be affected by therapy or systemic events that lead to changes in blood pressure and intracranial pressure and because it is amenable to specific interventions. Clinical data indicate that reduction ofCPP below a certain threshold is strongly associated with death or major neurological sequelae in children with intracranial infections (5, 6) . Since autoregulation of CBF may be impaired during meningitis, this provides a mechanism by which reduction in mean arterial blood pressure (MABP) and thus reduction in CPP can have profound effects on CBF (7) . It is currently recommended that children with bacterial meningitis receive less than maintenance intravenous fluids until the syndrome of inappropriate secretion of antidiuretic hormone has been excluded (8) , although a recent clinical study has evaluated a more liberal regimen of fluid administration (9) . The present study was designed to examine the role of volume status on the cerebrovascular and cerebral metabolic events during meningitis. We studied two groups of animals, the volume statuses of which were determined by different rates of fluid administration to produce either normal hydration status or relative hypovolemia. In addition, since we have recently shown in this model that there may be an acute exacerbation ofthe inflammatory response in the subarachnoid space after antibiotic administration, leading to increased brain edema (10), we studied the animals both during the developing infection and in the first few hours after treatment with antibiotics to determine whether there is also an acute effect on CBF.
Methods
Studies were conducted using New Zealand White rabbits (2.0-2.5 kg). Meningitis was induced by a modification of the method of Dacey and Sande (11 15 sbefore the injection and continuing for atotal of 1.5 min at a rate of2.5 ml/min. After all blood flow and physiologic studies were completed, rabbits were killed by injection of a lethal dose of pentobarbital (150 mg/kg), and the brain was removed by dissection from the cranial vault. The brain was dissected into right and left hemispheres, and each tissue sample weighed in tared tubes.
Calculation of blood flow was determined by the formula: CBF = RBF x CJ/,,C where RBF is the withdrawal rate of the reference arterial blood sample, Cx is counts per 100 g ofbrain tissues, and C, is total counts in the reference arterial blood sample. Experimental studies. Rabbits were studied after two regimens of fluid administration. Group 1 (low fluid) rabbits received 0.9% saline at 50 ml/kg per 24 h; Group 2 (high fluid) rabbits received 150 ml/kg per 24 h. For 24 h before the study, rabbits had free access to food and water. On the day before measurements, rabbits had food and water withdrawn; from that time until the conclusion ofthe study, all supplemental fluids were administered intravenously. Fluid was given through a peripheral ear vein by continuous intravenous infusion through a flow-regulating in-line device (Dial-a-flow, Abbott Laboratories, Hospital Products Division, North Chicago, IL). The two fluid regimens were chosen because they approximated fluid recommendations for infants in various clinical states and were comparable to two fluid regimens utilized in a recent study ofchildren with bacterial meningitis (9) . After 16 h of infection, initial MABP, CBF, arterial blood gases, and arterial lactate concentrations were measured, then CSF was obtained for measurement of bacterial titer and lactate. Animals in both fluid groups were then given either 75 mg/kg i.v. ceftriaxone (treated) or an equivalent amount of vehicle (control), and repeat measurements were made after 4-6 h.
Data are given as means±SD and were analyzed by paired Student's t test for repeated measures in the same group and unpaired t test for comparisons between groups. Values were considered significant when P. 0.05.
Results
Initial bacterial titers were comparable in low (n = 30) and high fluid (n = 22) rabbits after 16 h of infection (Table I ). The rate ofbacterial killing was also comparable in the two groups after antibiotic therapy, with bacterial titer reduction of -0.75±0.41 log10 CFU/ml per h for low fluid rabbits, compared with -0.65±0.28 for high fluid rabbits (P=NS). After 16 h of infection, arterial blood gases demonstrated a pattern of hypocarbia, normoxemia, and metabolic acidosis. Low fluid rabbits had significantly lower arterial pH (7.26±0.09 vs. 7.32±0.07; P < 0.05) and greater base deficit (-1 1.9±4.1 vs. -9.3±3.6 mmol/l; P < 0.05) than high fluid rabbits. Arterial oxygen and carbon dioxide concentrations were similar in the two groups (Table II) . At the time of the second measurement, 4-6 h after administration ofantibiotics or vehicle, there was progressive hyperventilation in all groups, but only low fluid rabbits had a worsening of the metabolic acidosis. After antibiotic treatment, low fluid animals had a significantly greater base deficit than high fluid rabbits (-15 .3±5.0 vs. -10.8±2.8 mmol/l; P < 0.01). A similar trend was observed in the difference in base deficit between low and high fluid controls, but this did not reach statistical significance (-13.6±3.8 vs. -10.9±3.2; P > 0.1; Table III) .
Arterial lactate concentration was somewhat higher in the low than in the high fluid group at 16 h, although this difference was not statistically significant (1.6±1.1 vs. 1.1±0.5 mmol/l; NS; Table IV ). After treatment with antibiotics, arterial lactate was significantly higher in the low than in the high fluid group (2.9±1.6 vs. 1.5±0.7; P < 0.02), a finding that was not seen in low versus high fluid controls (2.0±1.2 vs. 1.8±0.6; NS; Table V). MABP was lower in low than in high fluid rabbits after 16 h of infection (69.3±9.3 vs. 84.3±9.4 mmHg; P < 0.001; Table  IV) . This difference persisted with the second measurement, obtained after antibiotic therapy; however, some interesting differences were noted. Low fluid, antibiotic-treated rabbits had the largest drop in MABP, with nearly a 20% reduction compared with baseline, whereas low fluid control and high fluid, antibiotic-treated animals had a reduction of 6-8%. As a result, low fluid, antibiotic-treated rabbits had significantly lower MABP than low fluid controls (55.5±12.5 vs. 65.2±3.6; P < 0.05) and high fluid, antibiotic-treated rabbits (55.5±12.5 vs. 77.9±1 1.0; P < 0.001). In the low fluid, antibiotic-treated rabbits, the extent of MABP reduction correlated significantly with the rate of bacterial killing ( Fig. 1 ; r = 0.61, P < 0.05), a finding that was not present in the high fluid, antibiotic-treated rabbits. CBF was also lower in low than in high fluid rabbits after 16 h (54.7±14.3 vs. 64.3±13.3 ml/min per 100 g; P < 0.05; Table  IV ). In parallel with the reduction in MABP, there was a marked reduction in CBF in the low fluid, antibiotic-treated rabbits 4-6 h after antibiotics were given, which did not occur in the high fluid, antibiotic-treated rabbits. Control rabbits in both low and high fluid groups did not have significant reduction ofCBF at the time of the second measurement (Table V) . Low fluid, antibiotic-treated rabbits demonstrated a reduction in CBF of 33% at the posttreatment measurement, which was significantly lower than the baseline determination (P < 0.001, paired t test); than low fluid controls (P < 0.02, unpaired t test); and than high fluid, antibiotic-treated rabbits (P < 0.001, unpaired t test) (Table V) . In low fluid rabbits, reduction of CBF appeared to occur through the effects of both reduction of MABP (Fig. 2 , r = 0.62, P = 0.04) and rapid bacterial lysis (Fig.  3 , r = 0.44, P = 0.02). Finally, low fluid rabbits had higher CSF lactic acid concentration than high fluid rabbits after 16 h (6.9±2.8 vs. 5.3±2.7 mmol/l; P < 0.05; Table IV ). Although all groups had an increase in CSF lactate concentration in the 4-6 h after therapy, the highest CSF lactate was seen in the low fluid, antibiotictreated rabbits, where the level was significantly higher than in high fluid, antibiotic-treated rabbits (12.6±4.4 vs. 9.6±2.5; P < 0.01). Furthermore, CSF lactate concentration was inversely correlated with CBF in the low fluid, antibiotic-treated rabbits (Fig. 4 , r = 0.63; P < 0.005) but not in the other groups.
Discussion
The factors leading to death or sequelae in bacterial meningitis are still incompletely understood. Pathophysiologic abnormalities in animal models ofmeningitis have been linked with hostderived factors, including cytokines ( 13), white blood cells ( 14) , bacterial products (10, 15, 16) , and systemic variables (7). Clinical studies have reinforced the importance of some of these observations, with CSF IL-18 and tumor necrosis factor (17), CSF bacterial titer or bacterial antigen concentration (18) , and reduced CPP (5, 6) or shock (19) identified as factors that are associated with death or neurologic sequelae.
The present study evaluated the relationship among MABP, CBF, and CSF lactic acidosis in rabbits with experimental meningitis. Experimental conditions were varied by controlling the amount of fluid administration and by instituting antibiotic therapy. The rates of fluid administration were based on guidelines for fluid supplementation to infants and children with meningitis (20) and were comparable to those in a recent clinical study (9) . The low fluid rabbits were given fluid supplementation, which resulted in intravascular volume depletion as judged by a decrease in MABP, whereas high fluid rabbits were supplemented at a rate that maintained normal MABP.
After 16 h of infection and after antibiotic therapy, we observed differences between low and high fluid-treated rabbits in two parameters that can potentially affect CBF: changes in blood carbon dioxide concentration and MABP. In the low fluid, antibiotic-treated group, Paco2 was slightly lower than baseline; however, the high-fluid group hyperventilated to a similar degree, without a drop in CBF. Furthermore, the reduction of 2.0 Torr in Paco2 in the low fluid, antibiotic-treated group is not sufficient to explain the 33% reduction in CBF. 
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The consequences ofbacterial lysis on CBF were more difficult to anticipate. Vasodilatation ofthe systemic vasculature is well known to occur in animal models of sepsis after release of endotoxin by antibiotic therapy (22) . That this may also occur in the central nervous system in pneumococcal meningitis is 20 A number of studies ofchildren with meningitis have identified CSF bacterial titer (18) or CSF bacterial antigen concentration (24) as factors that have been associated with poor outcome, although the mechanism by which this occurs is not known. In the present study, the initial titers and the rate of titer reduction were comparable among the groups. However, in the low fluid, antibiotic-treated rabbits there was a marked reduction in MABP and CBF after antibiotic administration, and there were significant correlations between the rate ofbacterial killing and changes in both MABP and CBF. It seems likely that these rabbits were more sensitive to the systemic consequences of bacterial lysis because of compromised volume status.
In addition to the reduction in CBF, we also observed a significant increase in CSF lactate concentration, a marker for anaerobic metabolism (25) . The source ofCSF lactate in meningitis is still unknown and has been variously ascribed to anaerobic glucose metabolism by bacteria, by phagocytosis ofbacteria by white blood cells (26, 27) , or by ischemic brain (28) . The present study supports the concepts that cerebral ischemia plays a part in the development ofelevated CSF lactate in meningitis and that there may be other stimuli that induce anaerobic cerebral metabolism as well. After 16 h of infection, CSF lactate was higher in the low fluid group; this pattern intensified after antibiotic treatment, which further lowered CBF. The link between ischemia and elevated CSF lactate is further supported by the strong correlation between the magnitude ofCBF reduction and elevation of CSF lactate in the low fluid, antibiotic-treated group. However, it is also clear that reduction in total brain blood flow alone is not sufficient to completely explain CSF lactic acidosis in this disease. The control groups and the high fluid, antibiotic-treated group had increased CSF lactate at 16 h, which increased progressively after 4-6 h in spite of CBF that did not change significantly over the period of observation. Possible explanations for this would include focal areas of ischemia that have been documented to occur in meningitis (29) but that would not be detected by measurement of total organ blood flow or humoral factors that would work in concert with ischemia to induce anaerobic metabolism. In other tissues, anaerobic glycolysis has been shown to be accelerated by humoral factors, including cytokines, resulting in increased glucose utilization and lactate production (30) . This may be particularly relevant to the central nervous system in meningitis, where elevated cytokine levels have been measured in CSF and been found to be associated with poor outcome (13, 17) .
The present data reinforce the clinical observations regarding potential contribution of systemic factors to central nervous system compromise in meningitis. Goitein and Tamir (5) described the consequences of reduced CPP in children with intracranial infections and reported that CPP below 30 mmHg was uniformly associated with death or poor neurologic function in survivors. In that study, the degree of intracranial hypertension alone was not a negative prognostic factor if it was associated with a corresponding elevation in systemic MABP to maintain CPP. Other retrospective data have identified shock at the time ofadmission as a factor associated with poor outcome (19) . More recently, Odio et al. (6) , in a carefully done prospective study, reported that CPP < 40 mmHg was almost uniformly associated with long-term neurologic residua.
Additional evidence pointing to the importance ofsystemic factors comes from studies that have documented elevated serum arginine vasopressin (AVP) concentration in patients with meningitis (31) . First described in 1964 in a child with chronic ventriculitis and basilar meningitis due to Staphyloccocus aureus (32) , elevated serum AVP was identified in prospective studies of children with meningitis as a factor associated with poor neurologic outcome (24). Because of the concern that elevated serum AVP is due to the syndrome ofinappropriate secretion of antidiuretic hormone (SIADH), it is recommended that these patients be fluid restricted until serum electrolytes have normalized (8) . However, it is possible that elevated serum AVP may also be an appropriate physiologic response to intravascular volume depletion in some children with meningitis. A recent study by Powell et al. (9) has addressed this point. Serum AVP was measured on admission and after 24 h of therapy in 13 children with meningitis. The patients were prospectively randomized to one oftwo regimens of fluid administration: one treated with conventional fluid restriction (60 ml/kg per 24 h), the other with maintenance plus deficit replacement (150 ml/kg per 24 h). Serum AVP was elevated in both groups on admission, but at 24 h remained significantly higher in the group treated with fluid restriction than in the group given liberalized fluids, suggesting that the elevated serum AVP was an indicator of intravascular volume depletion rather than a manifestation of SIADH.
The present study may have important clinical implications in light of these findings. The poor outcome of patients with increased serum AVP is generally assumed to be due to more generalized brain injury or dysfunction, as evidenced by the presence of SIADH, or to the complications of cerebral edema. However, if elevated serum AVP concentration in some patients is an appropriate response to intravascular volume depletion rather than the result ofhypothalamic-pituitary axis dysfunction, then ongoing fluid restriction may be harmful. It is important to note that the most dramatic changes in blood pressure, CBF, and CSF lactic acidosis occurred in the low fluid group after administration of antibiotics and that in the high fluid group these changes did not occur or were somewhat attenuated. In our study, the low fluid group may be considered analogous to the patient who presents with moderate intravascular depletion and is maintained on restricted fluids. In this situation, moderate dehydration and continued fluid restriction can substantially contribute to systemic hypotension after administration ofantibiotics, which, in turn, may lead to decreased cerebral perfusion and progressive cerebral anaerobic metabolism. We conclude that systemic factors may contribute to abnormalities in the central nervous system during meningitis and that ongoing fluid restriction may lead to cerebral ischemia, particularly after institution of antibiotic therapy.
